, and that the kinetics data of both phospholipid (18) and protein (5) labeling from radioactive precursors support a direction of membrane flow from the ER to the glyoxysome. Attempts to demonstrate that enzymic proteins of the microbody matrix are initially segregated by the ER, particularly in the case of peroxisomal catalase of rat liver, have failed to provide evidence consistent with the model described above. These studies have been interpreted as indicating that newly synthesized catalase is released into the cytosol before rapidly appearing in the peroxisomes (19). A more recent study by Gonzalez and Beevers (14) has shown that a significant proportion of the activity of the glyoxysomal enzymes malate synthase and citrate synthase is associated with the microsomal fraction during the early postgerminative growth of castor bean seedlings, a time when rapid glyoxysome formation is occurring (1). This finding is clearly consistent with the current model for microbody biogenesis. Before it can be taken as valid evidence for this model it is necessary to show that microsomal and glyoxysomal malate synthases are identical and that the activity present in the microsomal fraction is ultimately transported to the glyoxysomes. In the present paper microsomal and glyoxysomal malate synthase proteins isolated from the endosperm of young castor bean seedlings are shown to be identical in their physical, catalytic, and serological properties examined. 
, and sucrose density dint centrfatin A physical and catalytic ppertes exam d were Identical for the enzyme isolated from both organefe fractious. These prties include a molecular weight of 575,000, with a single subunit type of molecular weight 64,000, a pH optimum of 8, appart Kmfor (3, 20, 23) , and that the kinetics data of both phospholipid (18) and protein (5) labeling from radioactive precursors support a direction of membrane flow from the ER to the glyoxysome. Attempts to demonstrate that enzymic proteins of the microbody matrix are initially segregated by the ER, particularly in the case of peroxisomal catalase of rat liver, have failed to provide evidence consistent with the model described above. These studies have been interpreted as indicating that newly synthesized catalase is released into the cytosol before rapidly appearing in the peroxisomes (19) . A more recent study by Gonzalez and Beevers (14) has shown that a significant proportion of the activity of the glyoxysomal enzymes malate synthase and citrate synthase is associated with the microsomal fraction during the early postgerminative growth of castor bean seedlings, a time when rapid glyoxysome formation is occurring (1) . This finding is clearly consistent with the current model for microbody biogenesis. Before it can be taken as valid evidence for this model it is necessary to show that microsomal and glyoxysomal malate synthases are identical and that the activity present in the microsomal fraction is ultimately transported to the glyoxysomes. In the present paper microsomal and glyoxysomal malate synthase proteins isolated from the endosperm of young castor bean seedlings are shown to be identical in their physical, catalytic, and serological properties examined. Ultrastructural observations of microbody-containing cells have frequently shown these organelles adjacent to sections of RER. Such observations have been interpreted as indicative of an ontogenic relationship between these cellular fractions. The widely accepted model for this relationship is that microbodies arise from the ER by a process of vesiculation, the characteristic proteins of the microbody matrix having been synthesized on bound ribosomes, segregated by the ER membrane, and temporarily housed in the ER cisternae (16 excised from 2-day-old seedlings effectively separated the major organelle fractions. The organelle marker enzymes cholinephosphotransferase (microsomes), fumarase (mitochondria), and isocitrate lyase (glyoxysomes) were recovered at mean buoyant densities of 1.12, 1.18, and 1.24 g/ml (Fig. la) . The virtual absence of enzymic activity in the soluble phase at the top of the gradient (fractions [1] [2] [3] [4] [5] established that organelle breakage during homogenization and fractionation was minimal. When such gradients were assayed for a second glyoxysomal marker enzyme, malate synthase, a dual cellular location at this stage of tissue development was indicated, with a secondary but significant peak of activity being recovered at density 1.12 g/ml (Fig. Ib) . This second malate synthase peak corresponded in its gradient distribution to the microsomal fraction, confirming the findings of Gonzalez and Beevers (14) . Such were unsuccessful, the enzyme apparently aggregated under such conditions. The final purification step employed sucrose density gradient centrifugation, a previous study having shown that the sedimentation rate of malate synthase in sucrose gradients is considerably greater than that of other glyoxysomal enzymes (7). Microsomal and glyoxysomal malate synthases sedimented at the same rate in sucrose gradients (Fig. 2a) . Preliminary studies established that the inclusion of KCI in the sucrose solutions used to construct the purification gradients was essential to prevent aggregation of malate synthase. Typical enzyme purification data are shown in Table I . The major limiting factor responsible for the low yield of malate synthase protein ultimately recovered was the difficulty in obtaining large amounts of isolated microsomes or glyoxysomes with the sucrose density gradient procedure used to fractionate cellular organelles from crude resuspended particulate fractions. In order to obtain malate synthase protein in sufficient quantity to permit antibody production in rabbits, purified glyoxysomes were isolated in much higher yields using a zonal rotor. In this way, and using the purification procedure outlined above, I to 2 mg of malate synthase could be obtained. The purified malate synthase appeared to be homogeneous. When glyoxysomal malate synthase was purified from endosperm tissue previously incubated with [asSlmethionine to label cellular proteins, the final sucrose gradient used in the purification showed that the peak of malate synthase activity contained an equally symmetrical peak of radioactivity (Fig. 2b) . When subjected to polyacrylamide gel electrophoresis, a single stained protein band oflow relative mobility was seen on the gels, although a substantial amount of protein appeared to have remained at the top of the gel (Fig. 3) . Both the band in the gel and the protein which did not enter the gel gave positive malate synthase tests when such gels were incubated with the enzyme assay mixture (Fig. 3) . It was necessary to use gels polymerized from only 5% acrylamide in order to obtain even the low mobility seen in Figure 3 . Finally, fractionation of the enzyme on a Sepharose 6B column did not increase the specific activity of the eluted enzyme. No other characteristic glyoxysomal enzyme activities, including citrate synthase, were detected in preparations of malate synthase.
Mol Wt and Quatemary Structure. The sedimentation rate observed for both microsomal and glyoxysomal malate synthase in sucrose gradients (Fig. 2a) suggested that the enzyme had a relatively high mol wt. The calibration of such sucrose gradients with proteins of known mol wt resulted in an estimated mol wt for malate synthase of 575,000 (Fig. 4) . This value is in reasonable agreement with. that of 600,000 estimated for this glyoxysomal enzyme on the basis of sedimentation rate by Breidenbach (7) . Taking the s2o, of urease at 19.5 (24) , that of malate synthase was calculated to be 21.6 by the method of Martin and Ames (22) .
Upon gel filtration on Sepharose 6B, malate synthase was eluted as a single peak slightly ahead of ribulose 1,5-diP carboxylase (mol wt 550,000) and 8-galactosidase (mol wt 540,000) with an estimated mol wt of 570,000 (Fig. 5) .
Purified malate synthase was incubated with SDS and subjected to electrophoresis in buffers containing SDS; a single protein band was visible on the stained gel. A typical densitometer trace of a gel containing glyoxysomal malate synthase is shown in Figure 6 , a single band of identical mobility was also seen on gels containing the microsomal enzyme (data not shown). When such gels were calibrated with proteins of known monomer mol wt, the mol wt of the malate synthase monomer was estimated (five determinations) to be 64,000 ± 3,000. Accordingly, it appears that castor bean endosperm malate synthase is a multimeric enzyme containing several monomeric subunits; Serological Comparison of Glyoxysomal and Microsomal Malate Synthases. Antiserum was raised in rabbits against purified glyoxysomal malate synthase. The whole antiserum thus obtained gave a single sharp precipitin band on Ouchterlony double diffu-
10k. The resulting washed immunoprecipitate was subjected to SDSpolyacrylamide gel electrophoresis. Stained gels showed a single major protein band which migrated with an identical mobility as obtained with purified malate synthase (Fig. 8a) . Gels were then sliced and the radioactivity present in each slice was determined. The bulk of the radioactivity present on the gel occurred in a single radioactive peak with an identical mobility to that of the protein peak (Fig. 8b) . The remainder of the gel contained only small amounts of radioactivity indicating that nonspecific precipitation or the adsorption of other protein species to the immunoprecipitate itself were of minor importance. Null serum precipitated negligible radioactivity.
Kinetic and Inhibitor Studies. All malate synthase assays were performed at pH 8 which was experimentally determined to be the pH optimum for the microsome and glyoxysome-derived enzymes, both of which showed an absolute requirement for Mg' . Purified microsomal and glyoxysomal malate synthases were identical in all kinetic parameters and inhibitor responses examined. The enzyme from either cellular location had an apparent Km for acetyl-CoA of 10 ,tM and for glyoxylate of 2 mm (Table II) . In common with the enzyme from other sources (9, 11) malate synthase was inhibited by oxalate and glycolate (28) . Lineweaver-Burk plots showed that the inhibition was competitive with respect to glyoxylate. Adenine nucleotides were also found to inhibit malate synthase activity, confirming the findings of Servettaz et aL (25) using the enzyme isolated from maize scutella (Fig. 9) .
When added to the standard malate synthase assay mixture at final concentrations of 5 mM, AMP, ADP, and ATP resulted in 18, 46, and 55% inhibition, respectively. The inhibition caused by ATP was competitive with respect to acetyl-CoA (Fig. 10) When microsomal and glyoxysomal antigen preparations were run in adjacent wells on the same gel plate complete fusion of the precipitin bands formed was observed, suggesting complete serological identity between enzyme preparations isolated from both intracellular locations (data not shown).
The enzymic activity of both glyoxysomal and microsomal malate synthase was inhibited by the antiserum to the glyoxysomal enzyme, the same inhibition-antibody titer relationship occurring (Fig. 7) . Null serum had no effect on enzymic activity.
The Although it is clear that the criteria used here do not rigorously establish the homogeneity of our enzyme preparations, these preparations were regarded as being adequate for the most critical aspect ofthe current work. Such studies involved using the purified enzyme to raise antiserum which itself was to be used in following the intracellular route of newly synthesized malate synthase as a model for the segregation of glyoxysomal enzymes (see accompanying paper). Since purified glyoxysomes and subsequently washed glyoxysomal membranes were taken as the source of malate synthase used to immunize rabbits, it seems reasonable to suggest that any contaminants in the purified enzyme, and hence in the antiserum eventually obtained, would Regarding the significance of a microsomal as well as a glyoxysomal location of malate synthase in castor bean endosperm, particularly during the early stages of seedling development, we agree with the view of Gonzalez and Beevers (14) that this distribution may well offer a significant insight into the mechanism of glyoxysomal protein sequestration. Malate synthase present in the matrix of isolated glyoxysomes remains associated with the membrane vesicles if such organelles are deliberately broken (2, 17) . It is tempting to suggest that microsomal malate synthase represents enzyme located in the ER cisternal space at the time of homogenization which likewise remains associated with the membrane vesicles derived from the ER during tissue homogenization. Other characteristic glyoxysomal enzymes, including those almost completely solubilized when the organelles are disrupted (for example, catalase), may also occur in the ER cisternae in vivo. Such conclusions are consistent with the accepted view that glyoxysomes arise from the ER by a process of vesiculation, their characteristic enzymes having been segregated initially by the ER membrane. The present demonstration that microsomal and glyoxysomal malate synthase are identical in all physical, chemical, and serological properties examined supports, but does not prove, this model. The complete absence of malate synthase from the soluble fraction after organelle separation makes it clear that more compelling evidence for this model could be provided if microsomal malate synthase could be shown to be ultimately recovered in the glyoxysomal fraction. Experiments which have confirmed this direction of cellular transport are described in the following paper.
